Introduction
The term 'circadian' is derived from the Latin words circa and dies, meaning about a day. The existence of a biological clock, or circadian clock, that governs the rhythmic oscillations of a variety of physiological functions was first documented in the 18th century, when the French astronomer de Mairan noted that the heliotrope plant opens and closes its leaves and that this process occurs independently of sunlight [1] . From these basic observations, the field of chronobiology has expanded rapidly. Now it is well established that circadian rhythms exist in almost all life forms, from simple archaebacteria to complex humans [2] . In mammals, mounting evidence has demonstrated that the circadian clock regulates a multitude of physiological functions including but not limited to: metabolism, immune response, renal function, sleep-wake cycles, and blood pressure [3, 4] . Interestingly, it has been shown that deregulation of the circadian clock can also be attributed to certain pathological states, including hypertension [5] . The purpose of this review is to examine the role of the circadian clock genes in the regulation of blood pressure and their potential role in hypertension from insights gathered through the use of rodent models.
The circadian clock can be thought of in two parts: the central clock, located in the suprachiasmatic nucleus of the brain, and the peripheral clocks located throughout the rest of the body [6] . The central clock is entrained by a variety of signals; the best established are food and light. Once synchronized, the central clock in turn mediates the synchronization of the various peripheral clocks throughout the body (reviewed in Richards and Gumz [4] ). The molecular machinery of the circadian clock has been found in nearly every cell type and tissue tested.
On the molecular level, the circadian clock is composed of a core group of transcription factors that act in a transcription translation oscillating (TTO) loop ( Fig. 1 ) (reviewed in Gekakis et al. [7] ). The core proteins are: CLOCK, BMAL1, Period (Per), and Cryptochrome (Cry). In the TTO loop model, the circadian proteins CLOCK and BMAL1 heterodimerize and then bind to E-box response elements in the promoter regions of circadian target genes. These include the genes for Per (homologs: 1, 2, and 3) and Cry (homologs: 1 and 2). Once translated, Per and Cry presumably interact, translocate 
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PER CRY Activation of circadian target genes into the nucleus, and inhibit the activity of CLOCK and BMAL1. The TTO loop model consists of the activation of circadian target genes by CLOCK and BMAL1 with a negative feedback loop consisting of Per and Cry. There exists a plethora of accessory circadian proteins that play an important role in the regulation of biological rhythms; for more detail on these proteins please see the excellent review by Zhang and Kay [8] . Increasing evidence has also linked post-translational regulation of the circadian proteins to the control of circadian rhythms (reviewed in Richards and Gumz [3] ). However, the focus of this review is on the four core circadian proteins, CLOCK, BMAL1, Per, and Cry and their homologs, on the regulation of blood pressure and their potential role in hypertension.
BMAL1: role of nitric oxide and the vasculature
The clock gene BMAL1, out of all the clock genes, is the most irreplaceable. BMAL1 knockout (KO) mice have lower blood pressure in the active phase [9] . This results in elimination of the circadian variation in blood pressure. A portion of this decreased blood pressure phenotype has been attributed to changes in the vasculature of these mice. BMAL1 KO mice have increased endothelial dysfunction, because of the uncoupling of nitric oxide signaling [10] ; this uncoupling leads to an increase in superoxide production. One possible mechanism may involve deregulation of the biopterins, which are involved in the formation of nitric oxide. Later studies demonstrated that BMAL1 KO mice have increased expression of NADPH oxidase 4 [11] , providing another possible mechanism for increased superoxide production in these animals. BMAL1 KO mice also have increased arteriosclerotic disease [12] . Transplant of aortic grafts from BMAL1 KO mice into wild-type (WT) mice still led to severe arteriosclerotic disease, signifying the importance of vasculature in the generation of this phenotype. BMAL1 KO develop dilated cardiomyopathy with age [13] . If this is related to the arteriosclerotic disease remains to be seen.
Recent evidence has demonstrated that nitric oxide could play a critical role in the circadian control of blood pressure. It has been demonstrated that circadian oscillations decay with age [14] , and this corresponds with a decrease in the circadian oscillation in blood pressure. Importantly, the corresponding decline in circadian oscillation was shown to be partially because of the role of nitric oxide [15] . When mice were administered a nitric oxide donor, this age-dependent decline in circadian oscillation was ameliorated.
It has been known since the mid-1900s that blood flow in humans decreases during the night and increases during the day [16] . Other vascular functions such as sympathetic and vascular tones, forearm vascular resistance, adrenergic receptor agonist response, and flow-mediated dilation have been shown to oscillate with a circadian pattern as well [17, 18] . The incidence of myocardial infarctions and strokes is higher during the morning surge of blood pressure (reviewed in Takeda and Maemura [19] ). Correspondingly, these effects were also linked to the expression of the plasminogen activator inhibitor-1 (PAI-1), which downregulates tissue plasminogen activator. Tissue plasminogen activator opens occluded vessels (reviewed in Takeda and Maemura [19] ). PAI-1 was shown to oscillate with a circadian pattern in both rodents and humans [20, 21] . A recent genome-wide study found an association between two singlenucleotide polymorphisms (SNPs) in the intronic region of BMAL1 between the third and fourth exon and circulating plasma concentrations of PAI-1 [22] . These SNPs were associated with lower levels of both BMAL1 and PAI-1.
Increasing evidence has linked the clock gene BMAL1 with the regulation of insulin production, diabetes, and metabolic syndrome. BMAL1 KO mice exhibit a metabolic syndrome phenotype, including obesity and hyperlipidemia, and are diabetic [23, 24] . The diabetic phenotype was linked to a decrease in glucose-stimulated insulin secretion, due to upregulation of mitochondrial uncoupling protein 2 [25] . This was shown to be a primarily pancreatic effect as pancreas-specific BMAL1 KO mice exhibit the full diabetic phenotype [24] . A recent human study demonstrated that two SNPs in the BMAL1 gene were associated with an increased risk for gestational diabetes mellitus in Greek women [26] . These SNPs were associated with lower mRNA expression of BMAL1 and were located within the intronic region of Bmal1 between the second and third exon and the fifth and sixth exon.
The evidence from rodent models has consistently demonstrated that BMAL1 plays a critical role in the circadian regulation of blood pressure especially through regulation of both the vasculature and insulin production. Young [28] ). CCM mice exhibit reduced heart rate during the active phase, resulting in loss of the circadian oscillation in heart rate in these animals. However, the exact mechanism for CLOCK's role in the circadian regulation of heart rate is unknown. Interestingly, recent evidence has demonstrated that myocardial repolarization appears to be controlled by the circadian clock, through a mechanism involving the regulation of Krüppel-like factor 15 (KLF15). KLF15 was shown to regulate the expression of several potassium channels, critical for repolarization of the heart [29] .
Recent studies have demonstrated that CLOCK plays an important role in the regulation of kidney function and blood pressure. CLOCK KO mice are hypotensive compared with WT mice, display mild diabetes insipidus, and excrete more sodium in their urine [30] . This phenotype was accompanied by significant changes in the rhythmic expression of several key transporters in the nephron, including the alpha subunit of the epithelial sodium channel (αENaC). Another possible mechanism was due to decreased levels of 20-HETE in CLOCK KO animals [31] ; 20-HETE is a vasoconstrictor of the preglomerular arteries and is involved in raising blood pressure.
The CLOCK protein has also been linked to diabetes and obesity. CLOCK (Δ19) mutant animals are obese and exhibit hyperlipidemia [32] . This is the same mutation as the CCM mouse, in which CLOCK is unable to bind DNA and therefore cannot activate circadian target genes. As was observed in BMAL1 KO mice, CLOCK KO mice are diabetic and have reduced plasma insulin levels [24] . However, the mechanism by which CLOCK regulates insulin production remains unknown. It is likely that CLOCK functions through a similar mechanism as BMAL1 as these proteins require one another for activation. In humans, overweight women with a SNP in the 3′ untranslated region of CLOCK have decreased activity, altered sleep patterns, and abnormal circadian rhythmicity [33] . Whether or not this SNP increased the propensity for obesity in these patients remains to be determined.
It is evident that CLOCK plays an important role in the heart, the kidney, and likely contributes to obesity and diabetes. CLOCK KO mice have reduced blood pressure, similar to the BMAL1 KO mice. Both are diabetic, with reduced plasma insulin levels. However, the CLOCK KO mice have been shown to have a renal phenotype, including mild diabetes insipidus and renal sodium wasting. Whether or not BMAL1 KO mice exhibit a renal phenotype has not been investigated.
Period 1: regulation of sodium reabsorption in the kidney
Period 1 (Per1), is one of the three isoforms of Period, the assumed partner of Cry in the repression of CLOCK/BMAL1. However, recent evidence from our lab and others has demonstrated a novel role for Per1 in the regulation of renal sodium reabsorption and blood pressure. Our lab has shown that Per1 regulates the basal and aldosterone-induced regulation of the alpha subunit of ENaC in kidney collecting duct cells [34] [35] [36] [37] . ENaC is a critical regulator of sodium reabsorption in the kidney collecting duct, and it is responsible for the fine-tuning of sodium reabsorption and subsequently contributes to control of blood volume. Importantly, we have shown that pharmacological inhibition of Per1 nuclear entry affected ENaC activity in amphibian and mouse kidney cells [36] . In addition to ENaC, we have also shown that Per1 coordinately regulates several genes involved in sodium reabsorption [38] . This regulation includes the positive modulation of Fxyd5, a positive regulator of Na,K-ATPase [39] . Fxyd5, a gamma like subunit of the Na,K-ATPase, increases Na,K-ATPase activity. Per1 was shown to negatively regulate genes involved in negative regulation of ENaC activity including Ube2e3, Caveolin-1, and Endothelin-1. Ube2e3 is an ubiquitin ligase that inhibits ENaC by ubiquitination, targeting ENaC to the proteasome [40] . Caveolin-1 is a lipid raft protein and is involved in retrieval of ENaC from the plasma membrane [41] . Endothelin-1 is an inhibitor of ENaC activity through an Endothelin-B receptor and nitric oxide dependent pathway [42] .
As mentioned above, Per1 was first thought to behave primarily as a repressor of CLOCK and BMAL1 activity. However, we and others have shown that Per1 activates gene expression in a manner that appears to be gene and tissue-specific [34] [35] [36] [43] [44] [45] . Similarly, we proposed a mechanism for Per1 action involving repression of the circadian repressor Cry2 [45] . As Per1 regulates multiple genes involved in the regulation of renal sodium reabsorption, it would predict that loss of Per1 should result in decreased renal sodium reabsorption, with subsequent decreased plasma volume and decreased blood pressure. Mice with reduced levels of Per1 do exhibit a renal sodium wasting phenotype [37] . Importantly, we have also demonstrated that Per1 KO mice have significantly lower blood pressure compared with WT controls [38] .
Interestingly, a recent human study showed that Per1 mRNA expression was significantly increased in the renal medulla of kidneys from hypertensive patients compared with normotensive controls [46] , suggesting a role for Per1 in the regulation of blood pressure by the kidney in humans.
reduced diurnal dipping [48] . The mechanism behind this phenotype, however, has not been defined.
Aortic rings from Per2 KO mice exhibited impaired endothelium-dependent relaxation from acetylcholine [49] , suggesting that Per1 may play a role in the regulation of vascular function. Another possible mechanism is in the heart, involving ischemic adaptation. It was recently shown that Per2 regulates hypoxia-inducible factor 1alpha [50] . Similarly, another study showed that Per2 KO mice have increased infarct sizes during myocardial ischemia [51] . In regards to metabolism, it is known that Per1/2/3 triple KO mice gain more weight under a high fat diet, compared with WT controls [52] . The role of Per2 in this phenotype is unknown, however.
In humans, a recent study showed that multiple SNPs in Per2 were associated with high fasting blood glucose levels [53] . These SNPs were located throughout the Per2 gene body and untranslated regions. Another study showed that in patients with metabolic syndrome, SNPs in the Per2 coding region were associated with higher mean plasma serum fatty acids [54] . Thus, Per2 appears to play an integral role in the regulation of ischemic adaptation in the heart and may also contribute to regulation of vascular function and metabolism.
Cryptochrome: regulation of aldosterone and saltsensitivity Cry1 and Cry2 have been shown to be the primary circadian repressors [47] . Cry1/2 KO mice exhibit saltsensitive hypertension that was associated with dramatically increased plasma aldosterone levels and higher levels of 3-beta dehydrogenase-isomerase, an adrenal gland-specific enzyme in the aldosterone synthesis pathway [55] . No changes were observed in the expression of the aldosterone synthase, which encodes the ratelimiting step of aldosterone production. A later study demonstrated that Cry1/2 KO mice have increased kidney damage on normal and high salt diets [56] . Interestingly, lowering the blood pressure, without affecting the high aldosterone levels, did not alleviate the kidney damage. Hence, it seems the high aldosterone levels in these mice could be responsible for the observed kidney damage independent of blood pressure.
In terms of a metabolic phenotype, Cry1/2 KO mice are hyperglycemic [57] . Overexpression of Cry1 in diabetic db/db mice caused lowering of blood glucose and increased insulin sensitivity [58] . Another recent study used a synthetic Cry1/2 agonist in mouse primary hepatocytes and showed that activation of Cry1/2 led to increased glucose production [59] . This result was likely due to increased synthesis of two rate-limiting gluconeogenic enzymes, Pck1 and G6pc. Evidence gained using KO, overexpression, or pharmacological mouse models showed that Cry1/2 has an important role in glucose control, diabetes, and salt-sensitive hypertension.
Conclusion
Rodent models have demonstrated that the circadian clock plays an integral role in the regulation of blood pressure, diabetes, and metabolism (Fig. 2) . Clock genes such as BMAL1, CLOCK, Per1, Per2, Cry1, and Cry2 have been implicated in many disease states such as hypertension, diabetes, and obesity. CLOCK, BMAL1, and Per2 exhibit an integral role in the heart and the vasculature. Per1 and CLOCK have a critical role in sodium reabsorption in the kidney. These rodent models provide great insight into the mechanism by which the circadian clock may contribute to pathophysiological states. However, clinical studies are needed to determine the therapeutic potential of targeting the circadian clock in diseases such as hypertension.
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Knockout leads to lower active phase BP, development of dilated cardiomyopathy [9, 13] .
Mutation leads to decreased 24 h diastolic BP, increased heart rate, and failure to adapt to ischemia [38] .
Knockout leads to increased endothelial dysfunction due to eNOS uncoupling, increased arteriosclerotic disease, role of plasminogen activator inhibitor 1 [10] [11] [12] 16, 19] .
Knockout leads to impaired endothelial relaxation in aortic rings [49−50] .
Knockout leads to lower BP, knockdown leads to renal sodium wasting, role of the epithelial sodium channel in the kidney collecting duct [34−40] .
Knockout exhibits salt-sensitive hypertension, increased plasma aldosterone due to increased expression of synthesis enzyme [55] .
Knockout leads to obese, hyperlipidemic, and diabetic phenotype, decreased plasma insulin [24, 32] .
Knockout leads to obese, hyperlipidemic, and diabetic phenotype, decreased plasma insulin, role of glucose-stimulated insulin secretion [23−25] .
Overexpression leads to hyperglycemia, due to increased glucose production [57−58] .
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